This paper provides empirical evidence of changes in the productivities of manufacturing firms in Indonesia over time, in the form of total factor productivity (TFP), from 1990 to 2010 with and without considering carbon dioxide (CO 2 ) emissions. Employing cleaned and balanced panel datasets for four periods, 1990-1995, 1998-2000, 2003-2006, and 2008-2010, the analysis enables an evaluation of the impact of implemented policies or economic circumstances during each period. The Malmquist productivity index is employed to estimate TFP without CO 2 emissions over time, whereas the Malmquist-Luenberger productivity index is applied to estimate TFP with CO 2 emissions over time. Furthermore, the influence of energy factors on environmental productivity is also investigated. The results show that on average, TFP with CO 2 emissions over time has grown faster than TFP without CO 2 emissions, particularly for periods 1, 2, and 4. Technical progress is the basis of productivity growth after removing energy subsidies, and the change in environmental productivity is associated with the adjusted energy prices. Constructive policy designs can be derived from this paper that will enhance manufacturing sector performance after changes in the prices of oil commodities.
sectors due to its large potential for creating job opportunities. At the same time, there is concern regarding the increasing demand for energy generated by the economic development policy through further industrialization and development of the manufacturing sector. Currently, total final energy consumption (TFEC) in the manufacturing sector represents 27.4 % of the TFEC of Indonesia in 2011, and this share has been growing steadily over the last two decades [2] .
As the international oil price has increased since 2000 and has remained high compared to prices in the 1990s, the government of Indonesia as a net oil-importing country started to gradually remove subsidies for energy commodities starting in 2005. Consequently, the domestic price of oil commodities in Indonesia has been rising since this time, which has caused a significant financial burden for the manufacturing industry. Although economic instruments implemented within climate change mitigation policies such as a carbon tax have not yet been implemented in Indonesia, the recent rising price of domestic oil commodities can be seen as a quasi-carbon tax instrument because it has similar consequences. With these as background and motivation, this paper reports empirical evidence of changes in the total factor productivity (TFP) of manufacturing firms in Indonesia over time from 1990 to 2010 with and without considering CO 2 emissions. The comparison of the TFP with and without considering CO 2 emissions across different sectors of the manufacturing industry enables us to identify firm reactions to changes in the prices of oil commodities. It should be noted that although historical data for manufacturing firms in Indonesia are available from the datasets of annual manufacturing surveys conducted by the Indonesian Statistics Agency (BPS) for medium-and large-sized firms that employ at least 20 workers, the datasets contain inaccurate, incomplete, and erroneous data. Therefore, despite the availability of large sets of data, to the best of our knowledge, empirical studies of Indonesian manufacturing firms are limited.
To overcome this constraint, we first developed a cleaned panel dataset from the annual survey data of medium-and large-sized firms in the manufacturing sector of Indonesia between 1990 and 2010, which is used for the present analysis. Because the system of firm identity codes was changed between 2000 and 2001, it is impossible to construct continuous annual firm datasets between two periods, namely 1990-2000 and 2001-2010 . In addition, we found that some of key variables such as capital stock and energy consumption, which are necessary for the present analysis, are completely missing in the survey data for 1996, 1997, 2001, 2002, and 2007 . Therefore, the cleaned and balanced panel datasets are constructed for only four periods: 1990-1995, 1998-2000, 2003-2006, and 2008-2010 . For these periods, the paper provides empirical results from the baseline analysis for productivity measurements.
The remainder of the paper is organized as follows. provides a brief description of the contextual background of the analysis and a literature review. Section 2 explains the methodological approach. Section 3 presents the empirical results and a discussion, followed by concluding remarks in Section 4.
The state-led industrial policy strategy began in the 1970s in Indonesia during the Suharto regime, driven by a large windfall in government oil revenue from 1973 to 1980 through the development of state-owned firms. The government strictly protected the state-owned firms and other domestic producers from international competition by providing tariff and non-tariff barriers, raw material subsidies, and credit subsidies in addition to maintaining undervalued exchange rates [3, 4] . Whereas the share of the manufacturing sector to GDP increased, empirical studies generally agreed that there was no gain and potentially negative TFP growth in the manufacturing sector in Indonesia during the period between 1975 and 1985 [5] [6] [7] . In 1986, the devaluation of the exchange rate of the rupiah against the US dollar triggered a shift in foreign direct investment (FDI) from the Asian newly industrialized economies to Indonesia, which promoted a labor-intensive manufacturing base in industries such as textiles, shoes, wood products, and processed food. As a result of an increasingly open economic policy, the share of manufacturing products has significantly expanded in terms of foreign exports since the middle of the 1980s. Furthermore, with the development of the machinery industry driven by FDI, the export of machinery products has also increased since the late 1980s and early 1990s. The shift to an FDI-led import substitution policy of industrialization has resulted in an increase in TFP for the manufacturing sector of Indonesia. Table 1 summarizes the results of the selected literature measuring the TFP growth of the Indonesian manufacturing sector using firm-level data for the period between 1970 and 2000. Although specific periods and numbers are not exactly the same and comparable, general shifts in TFP growth before and after the middle of the 1980s are commonly and consistently reported. Moreover, TFP growth seems to have continued until 1997, at which point the Asian economic crisis hit the Indonesian economy. Suharto's relinquishing presidential office in 1998 evidences the seriousness of the adverse effects from the Asian financial crisis on the Indonesian economy, and this crisis also caused significant turbulence and confusion in measurements of TFP growth. TFP total factor productivity As mentioned earlier, the datasets used in our analysis have several breaks, and the period before and after the Asian financial crisis is one of these breaks. Table 2 provides a summary of the key variables in the four analyzed periods to describe the contextual background of the present analysis.
Period 1 from 1990 to 1995, which is the longest among the four analyzed periods in the paper, exhibited the highest average GDP growth rate at 7.9 %, and the growth rate of the manufacturing sector during this period was also the highest. Consequently, the share of the manufacturing sector to GDP increased from 21.6 to 24.5 %, and the share in total merchandise exports also increased from 35.5 to 50.6 %. Furthermore, the share of high-technology exports to manufactured exports expanded substantially from 1.6 to 7.3 %. In contrast, the growth rate of total final energy consumption (TFEC) for Indonesia and the growth rate of the manufacturing sector grew less quickly than that for production, resulting in an elasticity of TFEC to GDP of 0.57 and 0.75, respectively. Although net crude oil exports and the share of fuel exports to merchandise exports have been declining during the period, trade surpluses of more than 30 million TOE of crude oil were maintained. Overall, the last phase of the Suharto regime can be summarized as a time when the productivity and energy efficiency of the manufacturing sector was improved through an export-led industrialization policy.
Period 2 from 1998 to 2000 is characterized as an immediate post-economic crisis period and marks the beginning of democratic reforms after the Suharto regime. Per capita GDP in constant US dollars at 2005 prices moved to an even lower range compared to 1995, and the average GDP growth rate was only 2.8 % during the period. However, the manufacturing sector performed relatively better despite the negative effects of the financial crisis. The share of the manufacturing sector to GDP slightly expanded from 26.0 to 27.1 % and that of exports to merchandise increased from 45.0 to 57.1 %. At the same time, the share of high-technology exports to manufactured exports also continued to increase from 10.4 to 16.4 %. However, energy consumption in Indonesia sharply increased during this time, and the elasticity of TFEC to GDP was 2.07, whereas the elasticity of the manufacturing sector was 1.25. Net crude oil exports started to decline from 27.3 to 17.4 million TOE, and the net export of oil products turned negative during this period.
Period 3 between 2003 and 2006 covers a politically significant transitional moment when President Yudoyono became the first president of the country elected by a direct presidential election in 2004. Immediately after electing a new president, the Sumatra-Andaman earthquake and tsunami hit the country. The period first experienced a transition from positive to negative net oil exports considering both crude oil and oil commodities. Coincidentally, unprecedented and continuously soaring international oil prices finally forced the government of Indonesia to begin removing subsidies for oil commodities twice in 1 year in March and October 2005, doubling the prices for most oil commodities in the domestic market. Under these conditions, the manufacturing sector grew annually by 5.2 % on average, which was slightly lower than GDP growth. Meanwhile, the share of manufactured exports to merchandise exports dropped from 52.1 to 44.7 %, and the share of hightechnology exports to manufactured exports also shrank from 14.8 to 13.5 %. The energy intensity of the country as measured by the ratio of TFEC to GDP greatly improved, while the energy intensity of the manufacturing sector worsened. It is expected that manufacturing firms faced a significant increase in energy costs. The adverse shock caused in Indonesia by the global financial crisis was relatively small, and the average GDP growth rate in period 4 was maintained, staying as high as that of period 3. However, the growth rate of the manufacturing sector slowed and the shares of the manufacturing sector to GDP, manufactured products to merchandise exports, and high-technology products to manufactured products all shrank. At the same time, dependency on imported oil commodities increased remarkably, whereas the average growth rate of TFEC in the manufacturing sector was 6.4 %, which is much higher than production growth, resulting in an elasticity of 1.85. Amid such circumstances, the overall energy intensity of manufacturing firms did not improve. Further subsidy removal was implemented in 2008, and it is likely that the additional burden put a strain on manufacturing firms.
A number of studies have attempted to analyze changes in productivity addressing multiple outputs, including both desirable and undesirable outputs. Data envelopment analysis (DEA) is one approach commonly employed to measure productive efficiency and is known as a non-parametric frontier approach [8] . DEA develops a nonparametric envelopment frontier encompassing all sample data as observed points lying on or below the frontier. The points on the production frontier are considered to be efficient decision-making units (DMUs), and the points below the production frontier are regarded as inefficient DMUs. The efficiency of each observation is measured by calculating the distance between the observed level of production and the production frontier as solutions of a linear programming problem. However, the DEA method does not evaluate the shift in the frontier over time; instead DEA only estimates the performance of DMUs in reference to the best practice frontier in a given year. The Malmquist productivity index is then introduced by adjusting the DEA application for multiyear observations alternately between t and t + 1 to account for a shift in the frontier and to allow the measurement of changes in productive efficiency over time. The index measuring change in productive efficiency is then regarded as representing TFP growth, which can be further decomposed into efficiency change (catch-up) and technical progress (frontier-shift).
Several ideas and methods have been proposed to incorporate undesirable outputs into DEA approaches while assuming asymmetrical treatments of disposability between desirable outputs and undesirable outputs when production possibilities are defined [9] . An efficiency improvement strategy for inefficient DMUs is developed by holding one or two inputs, desirable outputs or undesirable outputs constant. For example, input orientation refers to a strategy that considers how much inputs can be reduced while holding both desirable and undesirable outputs unchanged (i.e., [10] ). Some others suggest a bads orientation strategy, which considers how bads can be reduced while holding inputs and desirable outputs unchanged (i.e., [11] ). Tyteca [11] also considers the third strategy, which examines how much bads and inputs can be reduced while holding desirable outputs unchanged. The other recent strategy to incorporate undesirable outputs is to consider the proportional reduction in inputs and undesirable outputs and the proportional increase in desirable outputs [12] . Based on the earlier method of simultaneous change in desirable outputs and undesirable outputs following a hyperbolic function where fixed inputs are assumed, Chung et al. [13] proposed an application of a directional distance function as well as a productivity index known as the Malmquist-Luenberger productivity index. The directional distance function (DDF) defines a strategy in which desirable and undesirable outputs are simultaneously changed. While the efficiency measurement with a DDF model in a single year is measured as the Luenberger productivity index, an alternate application of the DDF model between t and t + 1 to measure the Luenberger productivity index in such a way that a Malmquist productivity index is constructed can generate the Malmquist-Luenberger productivity index. Therefore, the Malmquist-Luenberger productivity index can be further decomposed into efficiency change (catch-up) and technical progress (frontier-shift).
Since Chung et al. [13] reported empirical results for Swedish firms in the paper and pulp industry using the directional distance function to develop the MalmquistLuenberger productivity index, the Malmquist-Luenberger productivity index has been widely used in various studies at different levels from micro (firm-level data), to industry (sector-level data), to macro (province, national, and regional-level data) for evaluating productivity changes considering undesirable outputs. Färe et al. [14] employ the Malmquist-Luenberger productivity index to study the US manufacturing sector from 1974 to 1986 and observed that average annual productivity growth was 3.6 % when both desirable and undesirable outputs were considered, whereas it was 1.7 % when undesirable outputs were ignored. A comparable finding was presented by [15] , who employed a similar approach to estimate productivity growth for six US chemical industries for the period 1988 to 1993; they concluded that environmental protection measures did not reduce productivity growth. Several other studies, including He et al. [16] and Piot-Lepetit and Moing [17] have focused on micro-level issues, while Kumar [18] , Oh [19] , and Zhang et al. [20] focused on macro-level issues using stateand regional-level data. Furthermore, the Malmquist-Luenberger productivity index has also been applied to industrial-level issues by Boyd et al. [21] , Heng et al. [22] , and Krautzberger and Wetzel [23] .
TFP growth might be greater or smaller when undesirable outputs are considered compared to TFP measurement without considering undesirable outputs. Table 3 compiles several studies that analyze and examine TFP growth using the MalmquistLuenberger productivity index with various topics, variables, and time periods. The results are discussed based on environmental regulation being the key determinant of the difference in productivity measurements with and without undesirable outputs. Chung et al. [13] , Kumar [18] , and He et al. [16] confirmed that TFP growth is higher when undesirable outputs are considered under stringent environmental regulations. However, these findings contrast with Zhang et al. [20] , who analyzed TFP growth in China's 30 provincial regions, implying that environmental regulations are not very stringent or not strictly enforced.
Further indexing of TFP is proposed by Färe et al. [10] to elucidate the net contribution of environmental factors to productivity growth. Following this concept, Managi and Jena [24] estimate the ratio of TFP considering CO2 emissions to TFP without considering CO2 emissions as an environmental productivity measurement, which is referred to as the TFP environment. An increase in the TFP environment is considered to represent a positive achievement of proactive environmental measures or how well environmentally friendly technologies and managements are utilized [25] . Undesirable output: waste water, waste gas, solid waste TFP total factor productivity, GDP gross domestic product, BOD biochemical oxygen demand, COD chemical oxygen demand, SS suspended solids, SOx sulphur oxide
Methods
The Malmquist-Luenberger productivity index is applied to estimate productivity change over time considering CO 2 emissions in manufacturing firms. Because no definite climate change mitigation policies such as carbon regulations have been imposed in Indonesia, an assumption must be made considering the disposability of CO 2 emissions as undesirable outputs and not a free activity. The productivity without considering CO 2 emissions is also calculated using the Malmquist productivity index. The comparison of the productivity change over time with and without considering CO 2 emissions will define the TFP environment. The sequential steps in developing the approaches are described in this section.
Modeling technology outputs
Let us consider a production process that uses a vector of input x ∈ℜ N þ to produce a vector of desirable output and a vector of undesirable output, which are denoted as y ∈ ℜ M þ and b ∈ℜ I þ ; respectively. The relationship between input and output is represented by the technology of its output set:
The output set is assumed to have the following properties:
a. The first assumption is null-jointness, which implies that a positive amount of desirable output cannot be produced without producing an undesirable output:
b. The second assumption is referred to as the weak disposability of desirable and undesirable outputs:
This assumption indicates that it is not possible to reduce undesirable outputs without reducing desirable outputs. When firms face an environmental regulation, the disposal of undesirable outputs may not be free.
c. The third assumption is known as the strong disposability of desirable outputs:
This assumption suggests that it is possible to reduce desirable outputs without reducing undesirable outputs.
To satisfy the above conditions, following Färe et al. [26] , a data envelopment analysis (DEA) model can be formulated. It is assumed that for each time period t = 1, . . ., T, there are k = 1, . . ., K observations for inputs and outputs (x k, t , y k, t , b k, t ). By employing DEA and these data, an output set can be constructed that satisfies the above three properties: k are non-negative weights assigned to each observation in constructing the production possibility frontier. This output set implies that the production technology exhibits constant returns to scale. Moreover, to integrate the null-jointness of outputs, the following requirements are imposed on the DEA model:
These requirements imply that every undesirable output is produced by some firm k and that every firm k produces at least one undesirable output.
The distance functions for each observation in the Malmquist index are calculated as the solutions to a linear programming problem. For example, for k' ,
s:t:
Directional distance function
The directional distance function allows a firm to increase the production of desirable outputs and simultaneously decrease the production of undesirable outputs with a given number of inputs, formally defined as
where g is the vector of directions in which both outputs can be scaled. Following Chung et al. [13] , the direction applied is g = (0, g y , − g b ), which implies that desirable outputs are increased, undesirable outputs are decreased, and inputs do not change.
Following Mandal and Madheswaran [27] , Fig. 1 illustrates the difference between the output distance function and the directional distance function. Suppose that Oy 3 RSTb is output set P S (x) under unregulated technology and does not satisfy the null-jointness assumption while OERSTb is output set P W (x) under regulated technology and does satisfy the null-jointness assumption. The direction vector is defined as g = (0, y, −b). The output distance function scales point A to point R on the boundary based on an output vector, indicating that desirable outputs increase from y 1 to y 3 . In contrast, the directional distance function scales point A to point A' on the boundary in the direction of increasing desirable outputs from y 1 to y 2 and decreasing undesirable outputs from
x; y; b; 0; g y − g b ; with β*g y being added to the desirable outputs and β*g b being subtracted from the undesirable outputs.
The Malmquist-Luenberger productivity index
To define the Malmquist-Luenberger productivity index, directional distance functions are used with the direction of a vector as g = (0, y, −b) and the technology of periods t and t + 1 as the reference technologies. Following Chung et al. [13] , the index between periods t and t + 1 is expressed as:
where ML t and ML t + 1 are the Malmquist-Luenberger productivity indices with the technology of periods t and t + 1 as the reference technologies, respectively. Both indices can be described as follows:
Fig . 1 Output distance function and directional distance function
The Malmquist-Luenberger productivity index can be decomposed into an index of efficiency change (MLEFFCH) and an index of technological progress (MLTECH)
where
and
Values greater than one for ML indicate improvements in productivity, efficiency, and technology, respectively, while values less than one indicate declining productivity, efficiency, and technology. More specifically, the improvement of EFFCH tþ1 t from Equation 14 implies that the firm is closer to the frontier in period t + 1 than it was in period t as measured in terms of a proportional increase in the desirable outputs and a decrease in the undesirable outputs. The improvement of TECH tþ1 t from Equation 15 suggests that a firm shifts along the frontier in a direction that produces more desirable outputs and fewer undesirable outputs.
Linear programming (LP) is used to compute directional distance functions. Four LPs must be solved for each observation. Two LPs use the observations and technologies for period t or t + 1, and two LPs use mixed period technologies calculated from period t with the observations of t + 1 and from period t + 1 with the observations of t. The directional distance function for observation k in period t using period t technology can be solved using Equation 16 . For observation k in period t + 1 using period t + 1 technology, the time superscript t in Equation 16 for both sides must be changed to t + 1. 
Similarly, for mixed periods, the directional distance function for observation k in period t using period t + 1 technology can be solved using Equation 21 . For observation k in period t + 1 using period t technology, the time superscripts on the left-hand side of the constraints in Equation 26 are t + 1 and vice versa: in period t using period t + 1 technology, the time superscripts on the right-hand side of the constraints are t.
The Malmquist productivity index is constructed in a similar way to the MalmquistLuenberger productivity index. The Malmquist productivity index can also be decomposed into two components: the first component MEFFCH measures the efficiency change between the two periods and the second component MTECH measures the technical change between the two periods.
Determinant of environmental productivity
The relationship between TFP environment change over time and changes in energy factors is analyzed to investigate the determinant of environmental productivity. As economic growth and the manufacturing sector are highly dependent on energy, the increase of oil prices has affected the economic growth of many emerging economies. The number of studies investigating the impact of oil price changes on economic activities has significantly grown since Hamilton [28] suggested a negative relationship between oil price changes and economic activities. This finding is also supported by Hooker [29] , who argued that oil price changes significantly caused US inflation and productivity, and Hamilton [30] , who analyzed the impact of oil price changes on US macroeconomic components during 2007 to 2008. In particular, Aye et al. [31] analyzed the effect of oil price changes on manufacturing production in South Africa. The analysis results suggested that oil price changes significantly and negatively impact South Africa's manufacturing production and that manufacturing production responded asymmetrically to increasing and decreasing oil price changes. Unexpected increases in oil prices directly trigger a production cost increase and hence lead to declining productivity. If high oil costs persist, energy shifts or energy savings might be required for long-term productivity growth. The approach applied to evaluate the influence of energy factors on environmental productivity over time in Indonesia's manufacturing sector is to conduct a simple regression analysis using panel data.
Formally, the mathematical model can be defined as:
where Y i(t, t + 1) and X it are the environmental productivity change over time of the ith firm at t to t + 1 periods and the determinants (the explanatory variables) of the ith firm at t period, respectively; βs are parameters to be estimated; and μ is the error term. The explanatory variables are the average domestic fuel price (Fuelprice), the average electricity price (Elecprice), energy dependency (Energydep), and a sectoral dummy variable (dsec). Energy dependency is defined as the ratio of total energy expenditures to the total intermediate input expenditures. The sectoral dummy (dsec) is used for simplification purposes to capture the effect of sectoral differences and has the value of one for a firm included in the particular sector classification, and zero otherwise. The classification for sectoral dummies is based on sectors with similar characteristics in their production process: (i) dsec1 = food, beverage, and tobacco group, (ii) dsec2 = textile and leather group, (iii) dsec3 = wood, paper, printing, and furniture group, (iv) dsec4 = chemical, rubber, and plastic group, (v) dsec5 = electrical, machinery, and transport group, and (vi) dsec6 = metal and mineral group. The metal and mineral group sector is the basis of the sectoral dummy.
Data and variables construction
The annual survey data are classified into 23 different sectors based on International Standard Industrial Classification (ISIC) Revision 3. For the present analysis, Armundito and Kaneko [32] have developed a cleaned panel dataset to address data quality problems. Data on quantities of inputs, desirable outputs, and undesirable outputs are required to estimate productivity change over time using the Malmquist productivity index and the Malmquist-Luenberger productivity index. All firms are assumed to share the same production processes, characterized by the production of one desirable output and one undesirable output. Value added to manufacturing production and CO 2 emissions are considered to be the proxies for desirable (y) and undesirable (b) outputs, whereas capital (x1), labor wages (x2), and raw materials (x3) are considered as inputs. The value added v is measured as the difference between the total sales revenue of a firm and the total cost of components, materials, and services in millions of US dollars. Capital k is measured by the replacement value of fixed assets in thousands of US dollars. Labor wage l is measured as the total salary and other incentives for all workers, including production workers and other workers, in thousands of US dollars. Raw material m is measured as the total materials used to produce a unit of output in thousands of US dollars. Finally, both direct and indirect CO 2 emissions are measured as the most common type of gas emitted from the burning of fossil fuels used in manufacturing firms in tons CO 2 equivalent. Direct and indirect CO 2 emissions are calculated from fuel combustion in the manufacturing sector based on the Intergovernmental Panel on Climate Change (IPCC) guidelines [33] . Further, Indonesia's currency rate has devalued since 1998 and a high inflation rate occurred in 1998, resulting in a monetary value for some variables in periods 3 and 4 that are smaller than the monetary value in periods 1 and 2.
To measure the determinant of environmental productivity, three variables are included: the average domestic fuel price, the average electricity price, and energy dependency. The average domestic fuel price in constant prices (US dollars/TOE) is obtained as the ratio of total energy expenditure to total energy consumption. The average electricity price in constant prices (US dollars/TOE) is the ratio of total electricity expenditure to total energy consumption. Energy dependency (%) is defined as the ratio of total energy expenditures (US dollars) to total intermediate input expenditures (US dollars).
The descriptive statistics for the variables are presented in Table 4 .
Results and discussion
Under two assumptions of the disposability of undesirable outputs, the Malmquist productivity index is applied to estimate TFP without CO 2 emissions over time and the Malmquist-Luenberger productivity index is employed to measure TFP with CO 2 emissions over time. A summary of the estimation results on an average annual basis for period 1 from 1990 to 1995 is presented in Table 5 . Of the measurements without CO 2 emissions, the average productivity index score is 1.0014, implying that the annual TFP without CO 2 emissions over time for the manufacturing sector increases by 0.14 % over the entire period. This annual TFP score is obtained as the weighted mean of all sectors' TFP scores because the number of firms is different for each sector. On average, this growth is due to an increase in efficiency change of 0.97 % and a decrease in technological progress of 0.01 %. Based on the sector-by-sector analysis, considerable variation across sectors is observed. The sector that exhibits the highest productivity growth is motor vehicles, trailers, and semi-trailers (1.64 %), and the sector with the lowest growth is fabricated metal products and equipment (−0.07 %). Furthermore, for the measurement with CO 2 emissions, the weighted mean of the TFP scores is 1.0198, indicating that the annual TFP with CO 2 emissions over time for the manufacturing sector increases by 1.98 % over the entire period. This increasing growth is considerably higher than the growth of TFP without CO 2 emissions. This average TFP with CO 2 emissions over time is due to an increase in efficiency change (7.69 %) and technological progress (5.87 %). The sector that shows the highest productivity growth is other non-metallic mineral products (11.1 %) and the sector with the lowest growth is chemicals and chemical products (−2.7 %). At the same time, the average TFP environment score for period 1 is 1.0184, suggesting that environmental productivity increases by 1.84 % annually. The productivity measurement for period 2 from 1998 to 2000 is presented in Table 6 . The average of the weighted means productivity index score is 0.9933, indicating that the annual TFP without CO 2 emissions over time for the manufacturing sector dropped by 0.67 % over the entire period. This change is triggered by an increase in efficiency change (1.58 %) and a decrease in technological progress (1.94 %). Based on the sector- TFP total factor productivity by-sector analysis, the sector that shows the highest productivity growth is textiles (0.49 %), and the sector with the lowest productivity growth is paper and paper products (−3.04 %). For the measurement with CO 2 emissions, the weighted mean of the TFP score is 1.0652, implying that the annual TFP with CO 2 emissions over time increases by 6.52 % over the entire period. This increasing growth is significantly higher than the growth of TFP without CO 2 emissions. This remarkable growth is caused by an increase in efficiency (8.06 %) and technological progress (5.68 %). The sector that demonstrates the best-performance is rubber and plastics products, with productivity growth of 20.47 %, and the sector with the worst performance is paper and paper products, with a decrease in productivity of 2.22 %. Meanwhile, the TFP environment score for period 2 is 1.0724, suggesting that environmental productivity increases by 7.24 % annually.
The productivity measurement for period 3 from 2003 to 2006 is presented in Table 7 , and the average TFP without CO 2 emissions score is 1.0050. The average TFP score indicates that the annual TFP without CO 2 emissions increases by 0.50 % over the entire period. Increases in the efficiency change (0.49 %) and technological progress (1.55 %) are the sources of this TFP growth. Tobacco is the sector that shows the highest productivity growth (4.45 %), whereas textiles sector exhibits the lowest productivity growth (1.71 %). At the same time, the weighted mean score of TFP with CO 2 emissions is 1.0036, implying that the annual TFP with CO 2 emissions over time increased by 0.36 % over the entire period. The increase in efficiency change (7.18 %) and technological progress (7.57 %) are the engines of this TFP growth. The sector that shows the highest productivity growth is wood and products of wood and plaiting (11.37 %), and the sector with the lowest growth is chemicals and chemical products (−19.67 %). On average, the TFP environment score for period 3 is 0.9986, suggested that environmental productivity decreased by 0.14 % annually. The productivity measurement for period 4 from 2008 to 2010 is shown in Table 8 . The average of the weighted means productivity index score is 1.0311, implying that the annual TFP without CO 2 emissions over time increases by 3.11 % over the entire period. This growth is due to an increase in efficiency change of 0.33 % and in technological progress of 3.65 %. The sector with the highest productivity growth is electrical machinery and apparatus. (6.72 %), and the sector with the lowest growth is tanning and dressing of leather (0.06 %). Furthermore, the measurement of TFP with CO 2 emissions results in a weighted mean TFP score of 1.0523, suggesting that the annual TFP with CO 2 emissions increases by 5.23 % over the entire period. The growth is generated by the increase in efficiency change (1.77 %) and technological progress (11.83 %). The sector that shows the highest productivity growth is basic metals (14.73 %) and the sector that presents the lowest productivity growth is tobacco (0.89 %). The TFP environment score for period 4 is 1.0206, implying that environmental productivity increases by 2.06 % annually.
The comparisons between the periods enable an evaluation of the impact of implemented policies or economic circumstances as contextual background of this analysis on manufacturing performance. The export-led industrialization policy implemented in period 1 not only resulted in the highest level for the GDP growth rate and the growth rate of the manufacturing sector but also positively influenced the growth of TFP with CO 2 emissions. In this period, the growth of TFP with CO 2 emissions over time was tenfold that of the growth of the TFP without CO 2 emissions. The TFP environment over time in period 1 also shows positive moderate growth. Considering period 2 to represent the immediate post-economic crisis period and the beginning of democratic reforms, the growth of TFP with CO 2 emissions over time was the highest. During the same period, the decline of average GDP growth and the growth rate for the manufacturing sector from the previous period resulted in negative growth for TFP without CO 2 emissions. Meanwhile, the TFP environment over time in period 1 also exhibited the highest growth, even surpassing the TFP with CO 2 emissions over time. The remarkable achievement of environmental measures in this period is consistent with the notable increase in the share of manufactured exports to merchandise exports and the share of high-technology exports to manufactured exports.
Period 3 is regarded as a period of politically significant transitional moments, and the government of Indonesia began to remove subsidies for oil commodities. During period 3, the growth of TFP with CO 2 emissions over time dropped sharply compared with the previous period. Several sectors, particularly for the high energy-intensive sectors, might be negatively affected by the increase in prices of oil commodities. The TFP with CO 2 emissions over time of the high energy-intensive sectors: food and beverages; textiles and its related industry; chemicals and chemical product; rubber and plastics product; others non-metallic mineral product; and fabricated metal product and equipment sectors present considerable decline in this period. Only basic metals sector that shows insignificant decrease. The effort in reducing CO 2 emissions seems to have further pressures due to the increase in prices of oil commodities. A similarly worsened performance was also experienced by the TFP environment over time as the growth dramatically declined to reach a negative level. In contrast, TFP without CO 2 emissions over time indicated positive growth. Almost all of the sectors show a notable increase of this TFP, except for textiles and wearing apparel sectors. Despite the increase in energy costs, the growth rate in the manufacturing sector increased from the previous period. Furthermore in period 4, when the global financial crisis took place, the growth of all TFP measurements over time demonstrated a remarkable increase compared with period 3. Compared to the previous three periods, the growth of TFP without CO 2 emissions over time was the highest in this period even though the level of growth was still lower than that for TFP without CO 2 emissions over time. At the same time, the TFP environment over time also grew at a level equal to that in period 1. The economic and political policies implemented by the government during this period were able to address the adverse effects of the global financial crisis in Indonesia, particularly in the manufacturing sector.
Overall, it is observed that TFP with CO 2 emissions over time has grown faster than TFP without CO 2 emissions for periods 1, 2, and 4. The faster growth of TFP with CO 2 emissions over time is consistent with Domazlicky and Weber [15] , Färe et al. [14] , and Kumar [18] , who suggested that when accounting for changes in pollution as an undesirable output, the average productivity growth is higher than the growth when ignoring pollution. TFP with CO 2 emissions over time lower than TFP without CO 2 emissions was observed in period 3. However, in general, the manufacturing sector showed the best performance in period 4, characterized by a positive growth level for all TFP measures, including a positive growth level of its components: efficiency change and technological progress. Efficiency change is the source of productivity growth in periods 1 and 2, whereas technical progress is the basis of productivity growth in periods 3 and 4. In particular, three outstanding sectors have been noted as the bestperforming sectors with the highest productivity growth for all periods: motor vehicles, trailers, and semi-trailers; electrical machinery and apparatus; and basic metals. The best-performing sectors might be interpreted as a positive response to changes in the prices of oil commodities by maintaining the positive growth of TFP with CO 2 emissions over time during all periods.
Because there is no empirical evidence confirming that the increase in energy costs might directly affect manufacturing productivity, the relationship of energy factors and environmental productivity is analyzed. Estimation results evaluating the influence of energy factors on environmental productivity changes over time in Indonesia's manufacturing sector are presented in Table 9 . Fuel price is statistically significant during 2003-2006 and shows a negative relationship to changes in environmental productivity. When energy is still subsidized during the 1990-1994 and 1998-1999 periods, the energy dependency of the manufacturing sector is relatively small. Fuel and electricity prices do not play a significant role in enhancing environmental productivity. The energy policies implemented after 2003 aimed to remove subsidies for oil commodities and caused fuel and electricity prices to increase. As energy dependency also increased, energy prices started to negatively influence environmental productivity improvements. Hence, the change of the environmental component in productivity measurements, in terms of the level of CO 2 emission reduction, is associated with adjusted energy prices.
In addition, the coefficients of the sectoral dummy variables are positive and statistically significant for particular periods. As the metal and mineral group sector is the basis of the sectoral dummy, the chemical, rubber, and plastic group has a greater effect, at a 10 % significance level, in period 1. In period 2, the food, beverage, and tobacco group has a greater effect at a 1 % significance level and the wood, paper, printing, and furniture group has a greater effect at a 10 % significance level than the metal and mineral group. In period 3, the chemical, rubber, and plastic group has a greater effect at 1 % significance level than the metal and mineral group, whereas in period 4, the food, beverage, and tobacco group has a greater effect at a 10 % significance level and the textile and leather group has a greater effect at a 5 % significance level than the metal and mineral group.
Conclusions
This paper provides a baseline analysis of TFP growth over time with and without considering CO 2 emissions from 1990 to 2000. Considering the current data problems and missing key variable data, cleaned and balanced panel datasets are constructed for only four periods: 1990-1995, 1998-2000, 2003-2006, and 2008-2010 . The four periods of cleaned and balanced panel datasets enable an evaluation of the impact of implemented policies or economic circumstances during each period. An assumption is made that undesirable outputs are weakly disposable because Indonesia has not implemented carbon regulations. The Malmquist productivity index is employed to estimate TFP without CO 2 emissions over time, and the Malmquist-Luenberger productivity index is applied to estimate TFP with CO 2 emissions over time. The influence of energy factors on environmental productivity changes over time is also investigated.
The main findings of this paper can be summarized as follows. First, on average, TFP with CO 2 emissions over time has grown faster than TFP without CO 2 emissions, Table 9 Factors associated with changes in environmental productivity A variable is significant at a 10 % level of significance particularly for periods 1, 2, and 4. Second, efficiency change is the source of productivity growth in periods 1 and 2, whereas technical progress is the basis of productivity growth in periods 3 and 4. Third, climate change mitigation policy might lead to the increase of additional burden for the high energy-intensive sectors. And the bestperforming sectors, based on their ability to maintain the positive growth of TFP with CO 2 emissions over time in response to changes in the prices of oil commodities during all periods are shown by (i) motor vehicle, trailers, and semi-trailers, (ii) electrical machinery and apparatus, and (iii) basic metals. Fourth, the change in environmental productivity is significantly associated with adjusted energy prices. Several constructive policy designs can be derived from these findings. The results suggest that CO 2 emissions as undesirable outputs can be considered when measuring the manufacturing sector's productivity growth as a response to climate change mitigation policy. Valuable lessons learned from the best-performing manufacturing sectors can be applied to other manufacturing sectors responding to changes in the prices of oil commodities. At the same time, technological improvement is expected to be a major concern for manufacturing firms' long-term strategic planning after changes in the prices of oil commodities.
